The stabilization of polar oxide surfaces is of fundamental interest for understanding many processes in surface chemistry. We study the zinc-terminated Zn-ZnO(0001), a surface important in heterogeneous catalysis, by highest resolution scanning force microscopy (SFM) operated in the noncontact mode (NC-AFM). While most of the surface morphology is dominated by a phase consisting of triangular shaped nanostructures, we observe a coexisting (1 × 3) reconstructed phase where the reconstruction is ascribed to the formation of missing Zn-rows. Our findings provide evidence that the electrostatic instability of the polar Zn-ZnO(0001) surface can be canceled by a reduction of the surface charge by 1/3 which is considerably larger than the value of 1/4 derived from a simple ionic model for polar stabilization. Within the presented model for the (1 × 3) reconstruction, the role of point defects tentatively ascribed to hydrogen adsorbed on top of double Zn-rows forming zinc-hydride is discussed.
Introduction
Oxide surfaces play a key role in a variety of technologies such as catalysis, 1 gas sensing systems, 2 or optoelectronic applications. 3 For the development and improvement of the efficiency of functional oxide materials and understanding of catalytic processes, a detailed knowledge of surface structure and morphology is important. Within this field, polar oxide surfaces are of outstanding interest, as they are used in numerous applications such as gas sensing devices, 4 for methanol and water-gas shift catalysis 1, 5 and the oxidative dimerization of methane and ethane. 6 On the other hand, the stability of polar oxide surfaces has become one of the most puzzling problems in surface science. 2, 7 According to classical electrostatic criteria, the stability of an ionic compound surface depends on the characteristics of the charge distribution in the structural unit repeating itself in the direction perpendicular to the surface.
2 Polar Tasker type 3 surfaces 8 have a diverging electrostatic surface energy due to the presence of a nonzero dipole moment not only on the outer layers but also on all the repeat units throughout the material. One of the most prominent polar metal oxides is zinc oxide (ZnO), which crystalizes in the hexagonal wurtzite structure with an alternating stacking of Zn and O ionic planes along the c-axis. 2 Each repeat unit, that is, a Zn-O double layer in this case, has a dipole moment perpendicular to the (0001) surface, generating a net dipole moment resulting in surface instability. The two polar ZnO surfaces are obtained when the crystal is cut perpendicular to the c-axis resulting in a zinc-terminated surface [Zn-ZnO(0001)] on one side and an oxygen-terminated surface [O-ZnO (0001 j )] on the other side.
The stabilization of both polar ZnO surfaces has been the focus of various experimental and theoretical studies [for an overview, see, for example, ref 9] . According to simple electrostatic considerations, 1/4 of the surface charge needs to be compensated to yield a stable surface termination. 2, 7 There are three suggested models to remove the surface instability due to polarity. 2 First, the creation of a surface state by an intrinsic charge transfer of negative charges from the O-terminated to the Znterminated face was suggested to result in a stable surface termination. 10, 11 However, more recent studies indicate that electron transfer is not an adequate model, 12 and up to now photoemission experiments could not provide evidence for the proposed surface state. 13, 14 Second, charged species may be adsorbed to reduce the formal oxidation state of the surface ions. Helium atom scattering (HAS) experiments suggest the presence of well-ordered H-(1 × 1) overlayers on both the O-and Zn-terminated surfaces upon exposure to hydrogen, [15] [16] [17] pointing toward a common stabilization mechanism of the polar surfaces by hydrogen adsorption. However, recent density functional theory (DFT) studies predict that a H-(1 × 1) overlayer results in an instable surface termination on both surfaces. 18, 19 On the other hand, a combined X-ray photoelectron spectroscopy (XPS), high resolution electron energy loss spectroscopy (HREELS), and low energy electron diffraction (LEED) study indicated that the clean (1 × 1) O-terminated surface is stable under ultrahigh vacuum (UHV) conditions without the presence of a significant concentration of surface OH. 20 In contrast, a preparation of the Zn-ZnO(0001) surface by wet chemical etching was found to result in a stabilization of the surface by hydroxides. 21 However, the amount of coverage with hydroxides was found to strongly depend on the chemical environment. 22 In contrast to these findings, early temperature programmed desorption (TPD) experiments carried out on ZnO powders suggested that hydrogen is only weakly bonded to the ZnO surface, and desorption as H 2 below room temperature under UHV conditions was observed. 23 Thus, the role of hydrogen within the polar stabilization mechanism of the ZnO surfaces is still contradictory.
Third, charge reduction in the surface layers may arise from removing surface ions, thus changing surface stoichiometry. There is some evidence that the Zn-ZnO(0001) surface exhibits a high degree of disorder, since a random removal of 1/4 of the surface atoms was necessary to improve fits of grazing incidence X-ray diffraction (GIXD) data. 24 For the O-ZnO(0001 j ) surface, however, no evidence for substantial amounts of surface vacancies was found in GIXD experiments. 10, 24 Scanning tunneling microscopy (STM) studies combined with DFT 18, 25 calculations suggest that the clean Zn-terminated surface is characterized by the presence of nanoscopic triangular islands and pits.
Step edges of the triangular structures are assumed to be O-terminated resulting in a net-electric field compensating the electrostatic surface instability. 25 Recently, we found an additional mechanism of stabilization via faceting. 26 On the other hand, for the clean O-terminated surface, such nanoscopic reconstructions have not been observed by STM. 27 Instead, HAS combined with low energy electron diffraction experiments point toward the presence of a (1 × 3) reconstruction. 17 Additionally, XPS measurements suggest that the clean O-ZnO(0001 j ) surface is stabilized by a (1 × 3) reconstruction originating from missing oxygen rows. 17, 15 However, such a (1 × 3) missing row reconstruction is not expected within the ionic model, 7 and DFT calculations could not explain why such a reconstruction leads to a stable surface termination. 19 Furthermore, no evidence for a (1 × 3) reconstruction of the Zn-terminated surface has been reported yet.
In this contribution, we present highest resolution scanning forcemicroscopy(SFM)measurementsofthecleanZn-ZnO(0001) surface. Besides the known nanoscopic triangular 25 and faceting 26 morphology, we resolve a coexisting (1 × 3) reconstruction on the same surface on areas where no triangular islands and pits are found. The (1 × 3) reconstruction is ascribed to missing rows of Zn-atoms, underlining that there is a common stabilization mechanism of the polar O-and Zn-terminated ZnO surfaces and this is driven by ordered vacancy arrays in both cases.
Furthermore, we find that the observed (1 × 3) reconstruction is nonuniformly covered with adsorbates. Within the derived model, these adsorbates are tentatively ascribed to hydrogen adsorbed on the remaining Zn-rows, yielding zinc-hydride species, stabilizing areas where the (1 × 3) reconstruction is not perfect.
Methods
Experiments are carried out in an ultrahigh vacuum system at a base pressure of 1 × 10 -10 mbar with a modified commercial scanning force microscope 28 operated at room temperature in the noncontact mode of operation (NC-AFM), 29 keeping the cantilever oscillation amplitude constant at a level of 45 nm and the tip-surface electrostatic interaction minimized. 30 We use p-doped silicon cantilevers (PPP-QFMR, Nanosensors, Neuchatel, Switzerland) having a nominal spring constant of about 2.8 N/m, a resonance frequency of typically 70 kHz, and quality factors exceeding 30 000. Silicon tips used for high resolution imaging are not sputtered and can be expected to be covered by native oxide. To remove adsorbates, tips are annealed in situ at 400 K for several hours prior to experiments. Topographic (z) images are taken in the constant detuning mode at a predefined detuning set point ∆f set of -2 to -6 Hz. ∆f images shown here represent the error signal of the topography feedback due to intrinsic feedback loop limitations and often contain useful information. If not stated otherwise, all images presented are unprocessed data. The ZnO sample has been grown by the hydrothermal method (MTI Corporation, Richmond) and is of highest available quality, epi-polished, and oriented to within 0.2°of the c-axis. The Zn-ZnO(0001) surface is prepared in situ by repeating cycles of Ar + ion sputtering (1 kV, 5 × 10 -5 mbar, 15 min) at room temperature with subsequent annealing of the sample at 1150 K for 10 min. The ZnO crystal is colorless transparent, and also after several preparation cycles there is no indication for the creation of color centers.
Results and Discussion
Typical surface morphologies observed directly after surface preparation are presented in Figure 1 . It is found that, on the very same surface, the morphology may vary dramatically. Most parts of the surface exhibit a rough topography originating from triangular terraces, ad-islands, and holes ( Figure 1a and b).
Step heights correspond to the Zn-O double layer with a height of 0.3 nm. 26 It has been suggested that triangular reconstructions cancel the polarity of the surface providing a stable termination of the Zn-ZnO(0001) surface. 25, 18 Our recent atomically resolved SFM study revealed that the triangular phase can be stabilized further by a faceting mechanism without the presence of any adsorbates. 26 These findings are in good agreement with the surface morphology presented in Figure 1a and b where the triangular reconstruction is immediately evident. Already at large scales triangular structures are visible. Upon scanning with higher resolution, further triangular structures are discerned (Figure 1d and e) . However, we also find large terraces which do not exhibit any triangular structures as the ones presented in Figure 1c . In this area, the morphology is characterized by two large, atomically flat terraces labeled I and II that are separated by a Zn-O double layer step. When scanning on these terraces with higher resolution, triangular structures cannot be revealed (Figure 1f) .
In the following, we will elucidate the stabilization mechanism of surface areas exhibiting no triangular nanostructures. When decreasing the tip-sample distance to obtain higher resolution, areas without any triangular nanostructures normally appear to be covered with blurry features as shown in the lower part of Figure 2a and the corresponding inset. This image was recorded from bottom to top and clearly shows no triangular structures, but also no other regular features can be revealed. Upon gently touching the surface while scanning across a step edge in the upper part of the image at decreased tip-surface distance, tip changes occur at the positions indicated by the arrows. Such tip conditioning has already been successfully applied in order to reveal the atomic features of the triangular reconstructed Zn-ZnO(0001) surface. 26 A possible explanation for the contrast enhancement is a jump of an oxygen atom from the oxygen-terminated step edges to the tip, 26 resulting in an anionic tip termination. This is supported by the observation that such tip conditioning is achieved while scanning across step edges at reduced tip-surface distance. According to reported contrast formation analysis in SFM on the binary metal oxide surface TiO 2 (110), 31 an anionic terminated tip images the Zn-cation sublattice as bright protrusions due to the attractive electrostatic force. The tip change results in a stunning enhancement of the contrast highlighted by a comparison of insets in Figure 2a and b displaying the same magnified area before and after the tip change.
As a result of the tip conditioning, atomic contrast is achieved on all four terraces, that are separated by Zn-O double layer steps as depicted in Figure 2b . In such images, dark parallel lines are the dominating structural feature at the atomic scale (Figure 2c) . A line profile analysis yields a periodicity perpendicular to these dark lines of about 0.95 nm (Figure 2d ), corresponding to three lattice constants of next neighbors of the Zn-ZnO(0001) unit cell (0.325 nm). Additionally, it is found that the direction of the dark lines is not only parallel to the step edges in Figure 2 but also parallel to one of the edges of the reconstructed triangles, found in Figure 1a and b. These step edges are oriented along the close-packed atomic rows in the 〈1000〉 directions, 18, 25, 26 implying that the dark parallel lines are running along the close packed oxygen and zinc rows.
Interestingly, the striped phase is covered with randomly distributed protrusions. The coverage with protrusions is not homogeneous as demonstrated in Figure 2c , where a surface area with only very few protrusions is encircled. Highly resolved images of the striped phase are presented in Figure 3 (Figure 3c ). In between these dark lines, two protruding rows are clearly discerned. Close inspection of the detuning signal (∆f ) (Figure 3b and d) reveals that the protruded rows are pairs of bright lines exhibiting some atomic corrugation. The spacing between the double rows is about 0.33 nm as indicated in Figure  3c , reflecting the next neighbor distance in the Zn-ZnO(0001) unit cell. From these findings, we conclude that the observed dark lines can be ascribed to a (1 × 3) reconstruction with respect to the stoichiometric Zn-ZnO(0001) unit cell consisting of missing Zn-rows. The unit cell of the (1 × 3) reconstruction is marked in Figure 3d . Figure 3e and f displays averaged images (z and ∆f ) obtained after averaging over all unit cells from the images presented in Figure 3c and d, respectively. By these means, the details of the (1 × 3) missing row reconstruction are revealed. A structural model of the proposed reconstruction is superimposed. It is evident that Zn vacancies align in rows leading to the characteristic missing-row structure observed in the images as dark lines. Double Zn-rows are imaged as protruded double rows.
Another detailed measurement of the periodicity of the dark lines is shown in Figure 4 . The measured periodicity is 0.98 nm in this case. However, in order to compare the measured periodicity to the proposed (1 × 3) reconstruction, it is worthwhile to measure the periodicity of the dark lines along a line which is rotated by 30°with respect to the direction perpendicular to the dark lines as indicated in Figure 4a and b. Such a measurement reveals a periodicity of about 1.12 nm.
According to the proposed model of a (1 × 3) reconstruction, the dark lines should exhibit a periodicity of 0.975 nm (three lattice constants; see the model in Figure 4b ) in this direction. Our measured value lies between three and four lattice constants. However, from the experimental images, we can clearly deduce that every third Zn-row is missing (see Figure 3b and d). The deviation of our measured periodicity of about 1.1 nm from the ideal value of 0.975 nm is ascribed to thermal drift which is unavoidable in room temperature experiments. We emphasize that a (1 × 3) reconstruction has also been observed by HAS experiments for the O-ZnO(0001 j ) surface and was attributed to a missing oxygen row reconstruction 15, 17 in analogy to our proposed missing zinc row reconstruction for the Zn-ZnO(0001) surface. However, direct imaging results of the atomic scale structure of O-ZnO(0001 j ) are not available. 9 Upon further inspection of the structural features of the (1 × 3) phase, two types of defects are regularly observed, as illustrated in Figure 5 . As demonstrated in Figure 5a , bright double Zn-rows within the (1 × 3) phase are decorated with point defects. These point defects protrude about 100 pm above the bright Zn-rows and appear without any apparent ordering on larger frames. A close look at these point defects reveals that the protrusions are not positioned in the middle of the protruding double Zn-rows but are always located on top of one of the rows as highlighted in Figure 5b . It has been demonstrated that atomic and molecular hydrogen strongly interacts with the Zn-ZnO(0001) surface, resulting in a formation of zinc-hydride (Zn-H) species even at low partial hydrogen pressures. 9, 15, 16, 32 Upon high coverages, the formation of a well ordered H-(1 × 1) overlayer was observed, 16 and recent DFT calculations suggest that hydrogen adsorbs atop of Znatoms. 18 A relatively high coverage with defects stemming from the residual gas under UHV conditions is not unusual for metal oxide surfaces. For the TiO 2 (110) surface, it has been demonstrated, for instance, that under UHV conditions within 1 hr a hydroxyl coverage up to 20% of a monolayer may appear. 33 We thus tentatively ascribe point defects on the bright rows to hydrogen adsorbed from the residual gas atop of Zn-atoms in the double Zn-rows yielding Zn-H. A suggested structural model for the formation of Zn-H due to hydrogen adsorption is given in Figure 5c .
Furthermore, the (1 × 3) reconstruction often appears not to be perfect but is defective, resulting in a transition of broad protruding double Zn-rows to slim protruded lines. We interpret these elongated defects as Zn-atoms missing in the double Znrows as it is highlighted in Figure 5b and the corresponding structural model (c) by dashed rectangles. Interestingly, we observe a high coverage with defects ascribed to adsorbed hydrogen mainly in areas exhibiting a nonperfect (1 × 3) reconstruction.
Here, we raise the question of how the electrostatic instability of the stoichiometric Zn-ZnO(0001) surface could be compensated by the observed structures. To elucidate the stabilization mechanism, we carried out a detailed statistical analysis of the image presented in Figure 2b . A perfect (1 × 3) reconstruction would result in a Zn deficiency of 1/3 (=33.3%). However, due to missing Zn-atoms identified in the double rows, the overall total Zn deficiency amounts to (36.1 ( 1.0)%. Furthermore, we evaluate the total coverage of the (1 × 3) reconstructed phase with hydrogen adsorbed from the residual gas to be (4.0 ( 0.5)% with respect to the bulk-terminated (1 × 1) unit cell.
DFT studies of the Zn-ZnO(0001) surface suggest a competition of different stabilization mechanisms including metallization of the surface layer, 10 adsorption of adatoms, formation of Zn vacancies, and large scale triangular reconstructions. 18 It was found that the ideal bulk-terminated Zn-ZnO(0001) surface exhibits a metallic surface state which was found to be energetically less favorable compared to the other studied stabilization mechanisms. 18 In agreement with these theoretical findings, photoemission experiments could not provide evidence for a metallic surface state. 13 It has been stated that a depletion of the metallic surface state results in energetically more favorable surface terminations. Removal of Zn-atoms depletes the surface state of the (1 × 1) bulk-terminated surface by decreasing the number of electrons in the surface state with the most stable termination corresponding to a reduction of the terminating Zn layer by 25%. 18 According to our experimental findings, the derived Zn deficiency of the (1 × 3) reconstruction is exceeding 33% and thus overcompensates the surface polarity. Thus, adsorbates may We anticipate that adsorbed hydrogen atoms enhance the surface excess charge by electron transfer. 34 Assuming one donated electron for each adsorbed hydrogen atom and two removed electrons for each missing zinc atom, the total surface charge for the reconstruction observed in Figure 2b is reduced by (34.1 ( 1.1)%, which agrees within measurement uncertainty with the value of the perfectly reconstructed (1 × 3) phase. Thus, the adsorbed hydrogen compensates the Zn deficiency due to a nonperfect (1 × 3) reconstruction. This is further affirmed by the observation that the hydrogen defects are not equally distributed on the (1 × 3) reconstructed phase (Figure 2b) . Instead, perfectly reconstructed domains can be discerned without any missing Zn-atoms within the double Zn-rows which are not covered by adsorbed hydrogen (Figures 2c and 3) , while defective reconstructed areas exhibit a high density of adsorbates ( Figure 5 ) pointing toward a local charge compensation on the surface. However, again the proposed hydrogen adsorption cannot explain the experimentally observed stability of the (1 × 3) reconstruction, since within the derived model again the surface charge is considerably overcompensated, resulting in a charge depletion of about 34% significantly exceeding the expected value of 25%.
Our results strongly suggest that there is a common stabilization mechanism for both polar ZnO surfaces, namely, the formation of Zn-(O) vacancy arrays, leading to a (1 × 3) surface reconstruction of both the Zn-ZnO(0001) and O-ZnO (0001 j ) 15, 17 surfaces. However, so far, LEED studies could not provide any evidence for the (1 × 3) reconstructed phase on the Zn-ZnO(0001) surface introduced here. We ascribe this to the fact that the Zn-ZnO(0001) surface prepared under clean UHV conditions described above is clearly dominated by the triangular reconstructed phase (Figure 1a ) comprising (1 × 1)-terminated triangular structures. 26 We estimate the coverage of the Zn-ZnO(0001) surface with areas showing no or very few triangular reconstructions to be overall below 10%. Thus, nonlocal spectroscopy techniques such as LEED may not be able to observe locally (1 × 3) reconstructed domains. This effect may be more enhanced if the (1 × 3) reconstruction would be only observable in a very narrow electron energy regime like it has been reported for the (1 × 3) reconstructed O-ZnO (0001 j ) surface. 35 Also, the use of different anneal temperatures during surface preparation may be critical for the formation of the (1 × 3) phase on the Zn-terminated surface, as it has already been discussed for the presence of the (1 × 3) phase on the O-terminated surface. 20 Furthermore, the rough morphology of the dominating triangular reconstructed phase requires a large mass transport and mobility of ZnO units on the surface during annealing. In fact, it has been suggested that step edges of the triangular structures reflect the thermodynamically most stable {101 j 0} nanofacets. 26 Thus, the (1 × 3) reconstructed phase may well be a minority phase which is formed only under favorable kinetic conditions. A similar scenario has been suggested in order to explain the presence of the H-(1 × 1) adlayer on O-ZnO(0001 j ), 35 which was found to be thermodynamically unstable according to DFT calculations. 19 
Conclusions
In conclusion, we present strong evidence that the clean Zn-ZnO(0001) surface is (locally) stabilized by a (1 × 3) surface reconstruction consisting of missing Zn-rows. The (1 × 3) reconstructed phase is coexisting with the previously reported triangular phase 25 on the same prepared surface. Our results suggest that a common mechanism stabilizing the polar surfaces of ZnO is a change in surface stoichiometry resulting in a (1 × 3) missing Zn-(O)-row reconstruction on the Zn-(O)-terminated surface. Within this model, hydrogen adsorption leading to the formation of Zn-H is found to contribute to the overall stabilization of the Zn-ZnO(0001)-(1 × 3) surface in areas where the (1 × 3) reconstruction is not perfect. We find that the electrostatic instability of the polar ZnO surfaces can be removed by a reduction of the surface charge by 1/3, which is considerably larger than the expected value of 1/4 estimated from a classical ionic model. So far DFT studies could not explain the appearance of the (1 × 3) reconstruction on the O-terminated surface. 19 Our findings of an analogue reconstruction on the Zn-terminated surface emphasize the need for further theoretical work on both polar surfaces of ZnO. For applications of Zn-ZnO(0001) in catalysis and as a gas sensor, the presented novel phase is very promising, since it exposes not only zinc but also oxygen atoms which should result in a dramatic change of its chemical properties like it has been observed for the mixed terminated ZnO (101 j 0) surface. 36 
